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ABSTRACT
A major problem in the printing of newsprint by
flexography with water-based inks is the filling-in of
halftones. Drying of the ink and rewettability, the ability
of the fresh ink to wet the dried ink, appear to be primary
in the understanding of the filling-in problems.
Quantification and qualification of critical factors are
essential in resolving this problem. In this study black water
based flexographic news inks from different manufacturers were
compared in terms of their drying and rewettability
characteristics. The change in weight with time and contact
angle measurements are the response parameters considered.
Proper care has been exercised to maintain constancy of
parameters while conducting the experiments. Four samples of
black ink were analyzed in this study.
The critical balance-weight differential-gravimetric
method was adopted to determine the drying rates and the
sessile drop method was used for finding the contact angle.
This study has yielded information which will enable a
better understanding of the drying properties of the inks.
More important, the contact angle will serve as the




In August of 1977 the United States Congress amended the
Clean Air Act and in doing so created panic in all industries
that evaporate organic solvent into the atmosphere. The
industry was faced with oppressive installation and
operational costs for equipment to either burn or capture
solvent. The alternative was to replace solvent with water.
Apart from being the most economically feasible answer
to the air pollution problem, flexography using water-based
inks makes it possible to produce prints with such performance
advantages as: outstanding rub resistance, no strike-through,
a reduction in fire hazard and the use of light-weight stocks
without the loss of
quality.1
With all these advantages flexographic water based inks
is yet to be fully accepted. The major criticism by newspaper
personnel is "plate plugging". Plugging occurs when dried ink
or bits of loose paper fiber build up in areas between the
dots on the plate. This dictates proper understanding of the
drying characteristics of the ink.
Another important property of ink which demands equal
attention is rewettability. Good rewettability means that when
2
fresh ink is re- introduced, the new ink will rewet the
existing ink on the plate. If the ink on the plate is not
rewet properly with fresh ink, the ink will build-up on the
plate, rather than self clean and will plug the crevices
between the dots printing in the non-image area much like
scumming in lithography.
An exhaustive literature search reveals that at this time
there are no means of characterizing the response variables
suggested as being critical for plugging or filling-in of
water-based flexographic inks. Techniques such as drying rate
and contact-angle determination were adapted from areas of
chemistry and ink technology.
Using a critical balance and an external heat source,
drying studies were conducted in the laboratory. The
sessile-
drop method was used to understand the rewettability property
of the ink by studying the contact angle measurements of ink
on a film of the dried ink.
FOOTNOTES FOR CHAPTER I
1
Cser, Frank "Water-Based News Inks Are Becoming A Commercial
Reality,"




In a recent survey, of users of the flexographic process,
conducted by
Feeney1
it was observed that 62% of the
participants were using Water Based inks and printing on
newsprint. This clearly shows flexography
'
s impact on the
newspaper industry.
It is expected that by the middle of 1990 there will be
at least 3 0 installations printing newspaper, Sunday comics,
comic books, telephone directories and ad inserts via
publication flexo. The inks used in the process described
above are 100 percent water based. In most cases the printed
product is bright, clean and does not rub-off on the reader's
hand. Inks are supplied at 20-25 seconds, #2 Zahn cup,
viscosity and cut with 25-30 percent water to 18-20 percent
#2 shell cup.
Although the industry has achieved great strides in
successfully implementing the technique, some problem areas
are still being encountered. This explains why 52 percent of
the participants in the
Feeney2
study were not satisfied with
the available technology.
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Halftone fill-in or plate plugging has been flexographic
water based inks's most serious ink problem. With press speeds
approaching 4000 feet per minute having to stop in between
runs can prove to be extremely expensive. For water based
flexographic inks to be fully accepted by printers, especially
publication flexography, it is imperative that this problem
be reduced or minimized-if not eliminated. The ink of the
future should be formulated so as to tolerate reasonable
amount of waste ink, paper dust and even cleaning solutions.
Improvements in the print quality demands a lot of attention,
study and research.
Another problem, second impression set-off, though
minimized currently with the aid of enhanced drying and
additional rollers, still persists. Second impression set-off
occurs when ink from the first side printing of the web begins
to build up on the second impression cylinder. However, if the
ink's drying rate is drastically increased, it may lead to
premature drying on the plate, or worse, the drying in the
anilox cells. This calls for formulating inks with improved
rewettability
- i.e., an ink which will completely rewet
itself. The difficult task for the ink maker is to balance
drying and rewettability without sacrificing rub-off
properties.
6
An important aspect which goes in hand with rewettability
is press clean-up. What good is an ink which cannot be cleaned
off the press at the end of the run? Ceramic anilox rolls, due
to their uneven surface, have proven to be a problem to
completely clean. Again, the drying characteristics of the ink
must be known to ensure proper formulation.
Thus, it is important to understand those variables which
aggravate the problem and every effort must be made to bring
them under control.
DRYING
The drying property of water-based liquid inks is of
practical importance when measuring the performance of those
inks. Due to the unique properties of water, the drying
process of water-based systems is more complex and causes more
problems, as compared with the behavior of conventional
solvent based inks.
The development of water-based liquid inks is a
challenging task. The unique properties of water has an
impact
on all the key properties of the medium for which it serves
as solvent. These vital properties are: dispersion properties,
solubility behavior, surface energetics and rheology.
7
There are two main problems associated with the drying
process of water-based liquid inks:
1. The evaporation of water is more difficult than for
most other solvents.
2 . The character of the water-based ink is more complex
than it is for conventional inks. One important feature is the
two-phase character of the water-based systems. The binder is
not truly dissolved in the water, but separates into its own
phase. This creates a two-phase system - one phase
predominantly containing water and the second phase
predominantly composed of binder.
The evaporative drying of inks can be described as a
simultaneous heat and mass transfer operation in which the
heat required to evaporate the solvent is provided by drying
air. The driving force for heat transfer is the temperature
difference between the drying air and the ink surface.
The driving force for mass transfer is the difference
between the saturated vapor pressure of the solvent and the
partial vapor pressure of the solvent in the drying air.
This drying process is influenced by
'external' factors such
as air-circulation, air temperature, humidity, etc., as well
as by
'internal' factors such as solvent composition, nature
of the binder and interactions between the constituents. In
the physical drying of inks, drying can be illustrated by
8
characteristic drying graphs, in which the drying speed can
be divided into two parts: the constant rate period and the
falling rate period. The constant rate period is controlled
externally and the drying speed for a given solvent depends
on the air velocity and the thermodynamic state of the drying
air, ink film thickness and the percentage of the solvent of
the ink. During early stages of drying, solvent can reach the
free surface within a sufficient time period to maintain it
in a saturated condition.
The falling rate period is an internally controlled
process where solvent molecules must pass through the
solidifying layer of non-volatiles. It is the resistance to
this movement, i.e. diffusion which controls the drying rate.
Diffusion is a spontaneous movement of particles which reduces
the concentration gradient and produces equilibrium. Diffusion
controlled drying processes are characterized by the fact that
the drying rate diminishes exponentially with time. In such
conditions the last traces of solvent are usually extremely
difficult to remove from the
'dry' ink film3. The solvent
diffusion coefficients depend on molecular geometry''; small
planar, solvents molecules diffuse more easily than large,
branched solvent molecules, which are thus retained more.
Whereas diffusion constants depend upon solvent concentration.
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Although in practice the 'internal' and the 'external'
parameters are treated differently, however in reality they
are interconnected. The solvent balance is, for example,
influenced by the external conditions, and the optimization
of the external conditions depends on the solvent mixture in
use, i.e. the nature of solvent mixture determines the right
combination of air and temperature.
Similar to the above mentioned theory, Stratta,
et.al.,5
suggest that drying of a water-based formulation falls into
two limiting stages. First, there is a
'wet'
stage where the
major fraction of volatiles is lost under conditions analogous
to the evaporation of a polymer-free liquid solution. In this
stage the drying rate is maximum and is limited by how fast
liquid molecules evaporate from the moist surface. After
'skinning,'
the entrained liquid is lost much more slowly
during a
'dry'
stage that is controlled by the rate of liquid
diffusion through the polymer matrix towards the interface.
A transition phase is usually observed as condensed phase
diffusion gradually becomes the controlling mechanism6. It
has been suggested that the relative evaporation rates of the
various solvents depends on the molecular weight and effective
cross-sectional area of the
solvent.7
However, to better
understand the role of organic co-solvents and the drying of
water-based formulations its composition must be defined.
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The constant-rate period and the falling rate period in
the drying graph are separated by the critical point. The
critical point in the characteristic drying curve is reached,
when the diffuse flux equals the evaporative flux. When no
more solvent can reach the free surface sufficiently to keep
it saturated, the drying speeds begin to fall.
THE MAIN FEATURES
The ink can be described as a two-phase colloidal
dispersion, where the binder and the water, respectively, are
the main components in the two phases. The organic solvents
and the coalescing agents (usually high boiling solvents) are
distributed between these two phases.
The evaporation of volatiles from the described system
involves the following steps:
1. The volatiles must diffuse to the ink surface. This process
takes place instantaneously over the main part of the drying
process. In the last stages of drying, when a solid film has
formed, a diffusional resistance can build up in the ink film.
2. At the ink surface the volatiles must be evaporated. They
must be brought from a liquid state to a vapor state. This
process requires energy, leading to an evaporative cooling of
11
the ink surface, if the energy loss is not compensated by an
energy supply from the surroundings.
3. The vaporized volatiles must be transported from the ink
surface to the surroundings.
4. Depending on the relative evaporation rates of the
different solvents, the solvent balance is changed during the
drying process. The solvent-solvent and solvent-binder
interactions change, thereby changing the thermodynamic
properties of the ink. This in turn influences the evaporation
rates of the solvents.
5. At a certain stage in the process, water ceases to be the
dominant component. This indicates the beginning of the film
formation. Two quite different situations may arise. The
system may continue to be a two-phase system, now with water
as the minor phase, or the system may evolve into a one-phase
system with water and organic solvents dissolved in the
binder.
THE INTERNAL DRYING MECHANISMS
In the main part of the drying process, the processes in
the ink are so rapid, that equilibrium conditions can be
12
assumed.8
In the final stages of the drying process, a
diffusion resistance can build up in the film. When organic
solvents almost insoluble in the water-phase are used, a
diffusion resistance can play a role in the evaporation of
these components.
Assuming equilibrium conditions implies that the
properties of the ink can be evaluated with the aid of
thermodynamics. In particular, the drying process can be
evaluated on a thermodynamic basis. The evaporation rate (RJ
of the volatile component (Pi) is proportional to the
vapor-
pressure of the component above the solution:
Ri Pi





where (pio) is the vapor pressure of the single component (i) .
The total evaporation rate (R) can thus be calculated as





Knowing the evaporation rates of the individual
components and the activities in the mixture, it is possible
to simulate the drying process.
Various models have been specified to calculate the
drying rate. However, to achieve predictable results, accurate
data regarding the composition of the inks in question is
required. One of the available model is
UNIFAC.9
THE EXTERNAL DRYING MECHANISMS
For the internal drying mechanisms, we can assume
constant external conditions. The equation:
R =
saiRj.-
is used to calculate evaporative behavior. However, in this
equation at and particularly Rt depend on the effective
temperature in the ink film and R furthermore depends on
air-
circulation, humidity and other external drying conditions.
The effective temperature of the ink film is a result of
the combined effect of heat loss during the evaporation
process and the heat supply from the surroundings. Using a
shell thermometer, where the drying conditions are moderate
compared with those appearing on a press drying equipment,




Evaporative Cooling of neat solvents (Shell, Temperature 25C)
Water 15.6C
Acetone 0 . 0 C
Ethanol 12.2-C
Toluene 18.4 "C
n-butlyacetate 2 2 . 0
"
C
It can be seen that the film is substantially cooled due to
the enthalpy [heat] loss during the evaporation process. The
vapor pressure of the solvents and thus their evaporation
rates are very sensitive to the effective
film temperature.
Furthermore the driving force of evaporation is the difference
between the equilibrium vapor-pressure above the film (pl0)







If pl0 is lowered due to
evaporative cooling, the difference
Apt will decrease even
more.
These effects are very critical when
water is involved.
The evaporative cooling is high because
of the high enthalpy
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of evaporation. The resulting vapor-pressure decrease is high
for the same reason and finally, the partial pressure of water
in the drying air, corresponding to the humidity, increases
the total effect on the drying rate.
As a consequences of the difference in the temperature-
response of the individual volatiles, the drying process will
depend not only quantitatively but also qualitatively on the
drying conditions. When simulating drying on the press, the
combined effect of the internal and external parameters must








This equation states that the heat consumption due to
evaporation equals the heat supply due to convection, h(Tco
-











^ : mass-flux of component (i)
h : heat-transfer constant
AHvap: heat of evaporation of component (i)
Too : temperature of drying air
T0 : film temperature
Qs : supplementary heat supply
k^ : mass-transfer constant
xio : concentration of component (i) just above the film
xi00 : concentration of component (i) in the drying air
ai : activity of (i) in the liquid
p : ambient pressure
Pi : vapor-pressure of (i) at film temperature T0
In the above equations, the heat and mass transfer
constants (h,]^) , which depend on air velocity and geometry
of the drying equipment, can be evaluated according to the
established -theory of heat and mass transfer. The values of
heat of vaporization is available in standard references and
the vapor pressures of the pure component as a function of the
temperature can be calculated.
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Researchers have noted that under defined drying
conditions, the water does not evaporate at all in the initial
stages of drying12. Whereas, a sample of isopropanol flashes
off, cooling the ink film down to 14C. This temperature
corresponds to the dew point of the water in the drying air
and consequently water will not evaporate. This condition will
lead to a total change of the solvent balance of the system
and can render the remaining ink thermodynamically unstable.
Thus it is important to understand the exact composition
of the system and how each individual component would behave,
not only on their own but also when they are combined with
other components of the defined system.
Drying rates can be calculated using simulation packages
combined with actual experiments. Once such computer program
developed at SPPIRI calculates rough estimates of total drying
rates and solvent balance during the drying process, as a
function of ink formulation as well as external drying
conditions.13
CONTACT ANGLE
Assuming that the surface of a solid is perfectly
uniform (a condition which never actually holds) , then if a
drop of pure liquid is placed on a horizontal surface it may
18
spread out indefinitely, or it may spread only to a limited
area and come to rest so that the film at the edge of the drop
meets the surface at a definite angle called the angle of
contact (or more commonly referred to as the contact angle) .
This angle will increase as the adhesion between the liquid
and the solid decreases. It is fairly obvious that the more
nearly this angle approaches zero the more nearly will the
liquid spread completely over the surface. An angle of
180
would be indicative of zero adhesion to the
surface.1*
If the drop of liquid A covers an extra sq. cm. of B, the










7a Cose + 7ab
but 7 and cos e are the only measurable quantities. However,
spreading occurs only when the adhesion of
liquid for solid,
exceeds the cohesion of the liquid, 2yA.




7ab quantity we have for
the work of adhesion of A to B
the expression 7(l+cose), which contains only directly
19
measurable quantities.
Obviously, 27a > 7A(l+cose) so long as e is finite.
Consequently spreading entails the condition that 0=0 or that
the adhesion is as great as the cohesion.
MECHANICAL CONDITIONS FOR SPREADING ON SOLIDS
a. Effect of immobility of surface of a solid. For the
process of spreading over a liquid, the fluidity of the lower
liquid was of prime importance, since it was diffusion in this
that caused the adhering molecules of the upper liquid to be
carried outward. This factor cannot operate in the case of a
solid, and its absence changes the mechanism of spreading in
such a way that, generally speaking,
"active"
substances do
not spread readily on a solid and may in fact be used to
retard the spreading of the less active components of a
liquid. For example, the C00H groups in the molecules of fatty
acids become fixed at a metal surface, thus yielding an
immobilized layer of molecules having their saturated ends
outward. Over this layer spreading does not readily
occur.
Also, it was observed by
Woog15
that over either water or
mercury the unsaturated (active) oils spread
most rapidly
whereas on the solid metals the saturated oils showed more
spreading.
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b. The vapor pressure theory of spreading. Based on
Hardy's16
experiments with vapor-pressure reduction, the
distillation theory of spreading was developed: namely a
primary film is formed over the solid by condensation from the
vapor phase and that the thicker film subsequently spreads
over this primary film.
Nietz17
followed this approach and
found that the spreading of water on an active solid was
stopped by covering the vessel so that the space became
saturated with vapor of the water. A drop of distilled water
spreading over mercury is stopped by saturating the air with
water vapor. In this case the vapor condensing on the surface
reduces the surface tension sufficiently to make the spreading
coefficient zero or negative.
c. Surface migration. Since the work of Volmer, there has
been a growing recognition that the surface of a solid and the
molecules adsorbed thereto constitute a much less static
system than had previously been pictured. Observing Hg
crystallizing from its vapor, it was found that the growth of
crystals could be explained only if all the molecules which
struck the crystal condensed and then travelled along the face
of the crystal to settle down on the growing edge. It is now
well known that at higher temperatures molecules may diffuse
over the surface of solids.
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One result of the immobility of the molecules in the
surface of the solid is that just those factors which promote
spreading over the surface of a liquid may retard the process
on the surface of a solid. Active molecules on the surface of
water are spread by the diffusion of the water molecules. When
placed on the surface of a solid the active molecules simply
become anchored by attachment to the surface and so are
incapable of further spreading.
In the industrial processes which involve the behavior
of liquids with respect to the surface of solids it is
frequently a matter of indifference whether the liquid will
spread spontaneously over the surface or not; the fundamental
requirement in some cases is that the liquid, once spread
shall maintain a stable layer; in other cases it is
fundamental that the solid surface shall not retain a stable
layer of liquid over it, but that a bubble of air shall be
able to make contact with the surface of the solid and
displace the liquid from part of the surface.
Active substances added to a liquid in order to secure
the stability of a layer and prevent it retreating from
the




1. It's reality and importance.
The angle of contact between a liquid and solid is the
only directly measurable quantity which conveys any
information about the free energy of the liquid-solid
interface.
The non-uniformity of solid surfaces, and particularly
the fact that the angle measured was frequently that between
liquid and a film of contamination rather that between liquid
and the solid under observation, led to much uncertainty and
inconsistency in early observations on contact angles.
Subsequent research and improved techniques enhanced the
accuracy of the results.
2. Hysteresis of the contact angle.
If a drop of water is placed on a plane surface of wax,
or if a drop of mercury is placed on a glass or steel and the
surfaces are tilted till the drop moves, then the contact
angle on the advancing edge is always greater than that on the
receding edge. Sulman called this effect the hysteresis of the
contact angle. The advancing angle is that between the liquid
and the unwetted surface of the solid, the receding angle that
between the liquid and a surface that has been in contact with
the liquid. These represent the limiting values which the




and his colleagues on specially
clean and smooth mineral surfaces suggest that this hysteresis
is a result of frictional resistance to movement of the liquid
over the surface of the solid. If so it is to be expected that
a drop at rest should eventually settle down with the same
angle of contact on all sides, since the friction in a fluid
cannot supply a static force.
The conditioning of the surface, particularly by a
previous heating, will reduce the hysteresis in many cases,
but in some instances there seems to be no doubt that the
difference in contact angle persists. Hysteresis indicates
that the passage of the drop has changed the nature of the
surface over which it has passed, i.e. the dry surface of the
solid from which the drop has receded differs from the surface
that has not yet come into contact with the liquid. The




7a Cose + 7ab
If e is decreased 7b must have increased, or the surface
energy of the solid from which the liquid has
retreated is
greater than it was before wetting. This increase cannot be
brought about by adsorption, which would occur only if it
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reduced the free energy of the surface. It may be that the
drop effects some sort of clean-up of the surface, permitting
better control between liquid and solid. It is still just
possible that hysteresis of contact angle may be phenomenon
akin to that of the lowering of the surface tension of mercury
in vacuum, i.e. that it must be attributed to some
contamination that has defied detection.
In technical applications one is usually concerned, not
with conditions of static equilibrium, but with more or less
rapid movement of liquid over solids. In such cases there are
generally appreciable differences between advancing and
receding angles of contact, and it depends on the particular
problems whether it is one of the limiting angles of contact
or their average values that matters.
The non-mobility of the surface particles of a solid
results in the surface being often extremely uneven, unless
special means such as polishing have been employed to smooth
out the irregularities. The atoms in a solid surface stay
where they are placed when the surface is formed, and this may
result in no two adjacent atoms or molecules having the same
properties.
Most solid surfaces which have been exposed to air for
any appreciable time will be
covered more or less completely
with a film of contamination. This may well change the free
25
energy of the surface and consequently alter its behavior in
regard to the spreading of liquids over it. The work required
to produce a fresh surface of a solid varies from atom to
atom, and the surface tension is therefore not
uniform.19
Also, another factor which contributes to the variation
of contact angle measurements is the fact that vapor pressure
over a convex surface is greater than that over a plane; and
over a concave surface it is less. The difference depends on
the fact that condensation of vapor on a small convex drop of
a liquid increases its surface area, so that the surface
tension tends to oppose the condensation and to increase the
vapor pressure. On a plane surface condensation does not alter
the surface area, and on a concave surface the area is
diminished by condensation of more vapor.
Extreme caution has to be exercised in the measurement
and interpretation of contact angle values. Variation in their
values is not uncommon for the surface of a solid will differ
from point to point both in its structure and in the resultant
fields of force and free energy- Even the most highly-polished
surface will not be comparable in uniformity of level and
structure with the surface of a
liquid.20
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MEASUREMENT OF CONTACT ANGLES
There are numerous methods that could be used to measure
contact angle. Each one of them are not without drawbacks.
Among the methods available, the Sessile Drop method is the
most common one usually adopted in the laboratory.
1. Plate Method: In this method a plate of the solid is
immersed in the liquid and rotated until optical tests show
that the liquid and solid meet on one side in a sharp line
without curvature. The angle 0 is then the angle of contact
and this can be measured by a protractor giving the angle
which the plate makes with the horizontal.
2. The Capillary Height Method: The well-known rise of
a liquid in a capillary tube is simply an automatic recording
of the pressure difference across the meniscus of the liquid
in the tube, the curvature of the meniscus being determined
by the radius of the tube and the angle of contact between the
solid and the liquid. If r is the radius of a cylindrical
tube, and 9 the contact angle between the liquid and
the
glass. The radius of curvature of the meniscus is r/cose, and
the
pressure-
under the meniscus becomes less than that at the
same height, in a liquid with a plane surface, by 2
cos0/r.
This produces a driving pressure, tending to force
the liquid
up the tube, and the meniscus will
rise to a height h, such
that the weight of the column of liquid elevated
above the
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plane surface outside the tube just balances the pressure
deficiency under the curved meniscus. The energy relations
determine the stable contact angle; the fluidity of the liquid
permits the molecules to move about until they rest at this
stable contact angle; the contact angle and the curvature of
the tube curve the liquid surface.
When the contact angle is greater than 90, cos0 is
negative, and the contact angle can be determined by the
following expression:
2 cose/r = ghD
3. The sessile drop method: This method directly measures
the contact angle from a sessile drop resting on a solid
surface. Tangents are constructed at the three-phase line of
contact using a projected image or photograph of a drop
profile or measuring directly the angle using a telescope with
a goniometer eyepiece.
This technique does not require knowledge of the liquid's
surface tens-ion or density. It can be easily carried out with
the use of simple instruments and requires only small amounts
of liquid samples. The technique does claim an accuracy of







Contact angle measurements give a good indication of the
rewettability of the ink. The lower the angle of contact the
more easily will the fresh ink rewet itself to the dried ink.
Thus improving the contact angle by the addition of
surfactants would only enhance the rewettability
characteristics, however would also affect the drying rates
of the ink.
29
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The transfer of ink from a container to a page is the
purpose of the entire printing industry. Though simple in
description, that process is affected by many variables, the
identification and control of which consumes and often
confounds us all.
Flexography seems a viable alternative to non-heatset
web offset, promises improvement in quality, production
speeds, decreased waste, as well as cost reduction. It meets
the specifications and requirements for an acceptable
newspaper printing system
- one that must be able to come
down, change over and come back up quickly, with a minimum of
lost time and paper
waste.1
In flexography, printing ink is first applied onto an
anilox roller. The patterned crevices on its surface, as well
as ink properties, control how much ink is taken up. Ink is
then transferred onto the flexographic printing plate and from
there, directly onto the paper substrate. Printing press
conditions, ink properties, plate and paper
characteristics
all contribute to the overall quality of the ink transfer and
laydown on the paper
surface.2
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Initially, the water based flexographic inks developed
over the years for corrugated stock, were tried on newspapers.
However, these inks proved inadequate, mainly because of high
speed production requirements and two-sided printing on
newspapers .
3
Problems were abundant in those early trials. They
included ink foaming, poor viscosity control, one color moire,
ink set off onto both idlers and second impression cylinders,
plate tack, solid and shadow area mottling, low anilox bearing
life, poor registration, loss of impression in the middle of
press run, uneven printability, non-optimized gradations,
excessive anilox wear, low black solid print density,
inability to vignette, marking, divergent ink hues and PLATE
FILL-IN. On this list all have been solved but one,
- the
(halftone) plate fill-in. Fill-in or plugging still occurs
during long runs and the press has to be stopped every 3 0-4 0
thousand impressions. Having to stop the press between such
short intervals is not running trouble
free.3
There are many causes for this particular problem
including anilox rollers, ink, plates and paper. Poorly
formulated inks can aggravate the problem. Paper is always a
potential problem especially when it is linty. The release of
material from the paper surface accumulates in the non-image




Using 15 different test samples, Aspler
et.al.5
studied
the various stages in the development of halftone fill-in.
They identified three separate steps of the halftone fill-in
process.
Step 1: Build-up of Dried Ink and Paper Fines Around the
Halftone Dots.
It was observed that the spikes at the bottom of each dot are
all on the leading edge, pointing in the direction of
printing. It is suspected that these spikes may be the means
by which dots start to merge into each other. Also, a common
feature on most dots in the early stages of fill-in was the
bald center of the dot, surrounded by a ring of material. The
bald spots were actually covered with a thin layer of carbon
black containing paper fines. The ring around the dot
consisted of carbon black and fines and were held together by
the ink binder. The progressive build up of the material
around the circumference of a dot clearly suggests that with
each compression of the dot in the printing nip, the material
picked up in the nip can be forced further
and further below
the plate surface. As fill-in becomes more severe the cap of
dried ink may break off and be trapped in
the relief of the
plate.
34
Step 2: Joining of Two or More Dots. This was caused by the
collection of long fibers in the relief area, particularly
between two or more dots.
Arlow6
claimed that in later stages
of fill-in, the ink/fiber deposits are very tacky, thereby
increasing the removal of fiber from the paper surface.
Step 3: General Fill-in of the Plate. In this stage the entire
background of the plate gets covered with dried ink.
Also, in extreme cases the fill-in was as high as 150 gm/m2.
One theory states that because it dries so rapidly, the
ink may begin to dry right on the plate at the perimeter of
the half-tone dots. Gradually this ink breaks away, falling
between the dots where it becomes trapped with paper lint.
After a period of time, the buildup itself begins to print,
virtually destroying the dot pattern.
It has been observed that the problem of fill-in is
greater with black inks than with
colors.7
Ink viscosity is also an important factor: The more
viscous the ink, the worse the fill-in. Similarly, an
inappropriate anilox roller - one which carries too much ink
to the plate-contributes to the problem. So do excessive
anilox-to-plate and plate-to-paper pressure settings. Finally,




Another problem, second impression set-off could
aggravate the halftone fill-in. The buildup on the second
impression cylinder affects the diameter of that cylinder,
increasing pressure between the impression and plate
cylinders. This results in dot growth and contributes to
halftone fill-in. Research has indicated that as rapidly as
flexography ink seems to dry, there exists a minuscule
dwell-
time in which the droplet of ink remains on the surface of the
paper. That dwell-time, combined with the speed of the web and
the short distance between impression cylinders, prevents the
ink's drying adequately between nips.
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CHAPTER IV
THE HYPOTHESES AND RESEARCH QUESTION
The main question of this research can be stated as
follows: "Can the difference between water based flexographic
inks be characterized in terms of their rewettability and
drying
characteristics?"
From the question above, we can formulate the following
null hypothesis. "There is no significant difference between
the flexographic water based inks tested in terms of both
their volatile content and their drying
rate."
To expand the analysis to include contact angle another
null hypothesis can be stated. "There is no difference between






Water based flexographic black news ink samples were
obtained from four different manufacturers, however their
composition is proprietary and was not revealed.
To ensure proper results the viscosity of the inks was
standardized. It is important to bring the inks to a common
frame of reference, which would reduce the variations due to
differing formulations. A Zahn Cup viscometer is used to
measure the viscosity of the inks. This type of viscometer
determines viscosity by the amount of time that is required
for a predetermined amount of liquid to drain from a cup.
Since the viscosity of the inks could not be increased
in our laboratory the ink with the lowest viscosity was chosen
as the standard. The initial viscosity of this ink was
determined using a Zahn #2 cup viscometer with 125ml of ink.
All other samples were diluted with 6-10% of Demineralized
water. The "samples" were stored in an air tight container for
experimentation .
The inks were labelled A, B, C and D. However, if the
experiment was repeated more than once a suffix was added. For
example, if Ink A's drying experiment was repeated once, the
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results of the first would be labelled Al, the second A2 .
Ink A had the lowest viscosity
- 21 seconds in a Zahn #2
cup. Using this as a standard of reference, all other ink
samples were diluted to achieve this same viscosity. This
procedure simulates actual press conditions where the pressman
would dilute the inks to achieve a desired viscosity- Water
was chosen as the viscosity reducing agent since it does not
alter the chemical properties of the ink. The viscosities were
determined by averaging three replications of the drainage
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A differential weight technique was adopted to calculate
the drying rate of the ink samples.
A constant volume of the prepared ink sample was syringed
into an aluminum pan. A different pan was used for each
sample. The pan was placed on a sensitive balance, Figure 1,
which could be read to 0.01 grams and exposed to a heat
source. The temperature of the heat source was maintained
throughout the experiment by the use of a wattmeter.
The weight of the pan was zeroed out and the weight of
the ink sample was read at equal intervals of one minute till
there was no considerable weight loss. This procedure was
applied to all the ink samples. For two out of the four
samples the above procedure was repeated once. Due to
unavailability of a larger ink volume, the repetitions could
not be carried out for Ink B and Ink C. It is important to
understand that the replications are not duplications-new
sample had to be prepared for each new replication.
Humidity plays a major role in the evaporation drying of
water based inks. Higher relative humidity would lead to
slower evaporation of water, conversely lower values would
increase the rate of evaporation. So every effort was made to
conduct the experiment under similar conditions. The relative
humidity of the room fluctuated between 65 and 75 percent
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Figure 1. Apparatus Set-Up for Drying Rate Measurements
42
during the experimental period.
The results of the experiment are shown in Table 3 .
CONTACT ANGLE MEASUREMENTS
Measurement of the contact angle was performed by using
a Bausch and Lomb microscope and attaching a Polaroid camera,
Model 3907-10. Total magnification was 20 times (20 x) . Color
prints were produced and used to measure the contact angle of
the ink droplet on the inked glass surface.
A droplet of the ink sample was applied to a plate evenly
coated with a dried film of the same ink. Exposure of the
print film was made as soon as the droplet came in contact
with the plate surface. Additional exposures were also made
after a time delay of three minutes. Each droplet contained
approximately three microliters. Figure 2, shows the apparatus
setup for making the photographic prints used to measure the
contact angle.
Measurement of the contact angle was calculated by
determining the tangent of the angle e (theta) . Since the
droplet was convex in shape and symmetrical this calculation
can readily be determined. By using one half the length of
the droplet covering the plate surface and measuring
the
height of the droplet at this point, the angle can be
calculated. The contact angle of each ink sample for two
different time periods are presented in Table 6.
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When an ink is dried experimentally, data are usually
obtained relating volatile content to time. Volatile content
is defined as the ratio of the mass of volatiles divided by
the mass of solid. These data are then plotted as volatile
content, (dry basis) x vs. time t, as shown in figure 3. This
curve represents the loss of volatiles first by evaporation
from a saturated surface on the ink film followed in turn by
a period of evaporation from a saturated surface of gradually
decreasing area and finally when the volatiles evaporate from
the interior of the ink's solid.
The mass of volatiles is computed by subtracting the mass
of solid from the mass of the sample for any given time t.
Dividing this value by the mass of the solid normalizes and
factors out the effect of the initial mass of the sample,
which is the- dry basis. To further illustrate this point let
us take two ink samples. One has an initial mass of 3.00 gms
and the other 5.00 gms. If the composition of the two inks are






















Thus this method enables the comparison of two inks with
differing initial mass.
From the drying rate graph, the difference between the
inks may be observed by studying the y axis intercept as well
as the slope.
The intercept with the y axis defines the amount of
volatile (volatile content) in the ink and the slope
represents the drying rate.
Although the drying rate is subject to variation with
time or volatile content, this variation can be better
illustrated graphically or numerically differentiating the
curve and plotting dx/dt vs. x or dx/dt vs. t. These rate
curves would show that the drying process is not smooth,
continuous one in which a single mechanism controls
throughout.1
However, this method of studying drying rates
requires higher precision and accuracy which can be achieved
only with the aid of sophisticated computers and expensive
instruments .
Due to constraints on the equipment availability, the
first method of analysis of data was chosen in the laboratory.
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In this technique the constant-rate period is shown by a
straight line on the rate curve. The falling-rate period is
typified by a continuously changing rate throughout the
remainder of the drying cycle. The point where the constant
rate ends and the drying rate begins to fall is termed as the
critical moisture content. Again, determination of the
critical moisture content dictates the use of sophisticated
techniques in strictly controlled environments.
The inks may be differentiated based on two response
parameters, volatile content and their drying rates.
Results of the drying experiment are shown in Table 3 .
From this table we can compute the volatile content of each
ink, by subtracting the mass of solids from the mass for any
given time t and dividing this value by the mass of solid, see
Table 4. Based on these results, we can plot mass of
volatile/mass of solids (x) vs. time, figures 4, 5, 6 & 7.
The division by mass of solids factors out the effect of
the initial mass of the ink sample used in the
experimentation. A dimensionless (ratio) quantity, helps to
better understand the difference between the inks irrespective
of their individual initial mass.
Slopes of the graphs (mass of volatile/mass of solids
vs. time) for those regions where they are a
straight line
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MASS (gms) OF INKS WITH TIME (minutes)
TIME Al A2 B C Dl D2
1 3.01 4.15 2.50 3.17 3.26 3.21
2 2.96 4.06 2.37 3.10 3.21 3.16
3 2.87 3.95 2.30 2.91 3.15 3.11
4 2.78 3.84 2.23 2.81 3.08 3.05
5 2.69 3.73 2.15 2.74 3.02 3.00
6 2.64 3.63 2.08 2.67 2.95 2.95
7 2.57 3.54 2.01 2.60 2.89 2.90
8 2.50 3.44 1.94 2.53 2.83 2.84
9 2.44 3.35 1.87 2.47 2.77 2.79
10 2.37 3.27 1.78 2.41 2.72 2.74
11 2.24 3.11 1.69 2.34 2.66 2.68
12 2.17 3.02 1.61 2.27 2.61 2.63
13 2.11 2.93 1.53 2.20 2.56 2.57
14 2.05 2.85 1.45 2.13 2.51 2.52
15 2.00 2.77 1.37 2.06 2.45 2.47
16 1.92 2.68 1.30 1.99 2.40 2.42
17 1.86 2.59 1.22 1.93 2.34 2.36
18 1.80 2.51 1.17 1.86 2.27 2.31
19 1.73 2.42 1.12 1.80 2.22 2.26
20 1.67 2.34 1.07 1.74 2.15 2.21
21 1.61 2.26 1.03 1.68 2.10 2.15
22 1.55 2.19 0.98 1.62 2.04 2.10
23 1.50 2.12 0.95 1.57 1.99 2.05
24 1.46 2.05 0.91 1.52 1.93 2.00
25 1.41 1.98 0.88 1.48 1.87 1.94
26 1.37 1.93 0.86 1.45 1.81 1.92
27 1.35 1.87 0.84 1.41 1.76 1.86
28 1.31 1.82 0.83 1.37 1.71 1.84
29 1.77 1.33 1.65 1.80
30 1.73 1.28 1.61 1.75
31 1.69 1.23 1.56 1.71
32 1.66 1.17 1.52 1.66
33 1.15 1.47 1.61
34 1.13 1.44 1.56









[mass of volatiles/mass of solids with time]
TIME Al A2 B C Dl D2
1 1.30 1.50 2.01 1.88 1.33 1.36
2 1.26 1.45 1.86 1.82 1.29 1.32
3 1.19 1.38 1.77 1.65 1.25 1.29
4 1.12 1.31 1.69 1.55 1.20 1.24
5 1.05 1.25 1.59 1.49 1.16 1.21
6 1.02 1.19 1.51 1.43 1.11 1.17
7 0.96 1.13 1.42 1.36 1.06 1.13
8 0.91 1.07 1.34 1.30 1.02 1.09
9 0.86 1.02 1.25 1.25 0.98 1.05
10 0.81 0.97 1.14 1.19 0.94 1.01
11 0.71 0.87 1.04 1.13 0.90 0.97
12 0.66 0.82 0.94 1.06 0.86 0.93
13 0.61 0.77 0.84 1.00 0.83 0.89
14 0.56 0.72 0.75 0.94 0.79 0.85
15 0.53 0.67 0.65 0.87 0.75 0.82
16 0.47 0.61 0.57 0.81 0.71 0.78
17 0.42 0.56 0.47 0.75 0.67 0.74
18 0.37 0.51 0.41 0.69 0.62 0.70
19 0.32 0.46 0.35 0.64 0.59 0.66
20 0.27 0.41 0.29 0.58 0.54 0.62
21 0.23 0.36 0.24 0.53 0.50 0.58
22 0.18 0.32 0.18 0.47 0.46 0.54
23 0.15 0.28 0.14 0.43 0.42 0.51
24 0.11 0.23 0.10 0.38 0.38 0.47
25 0.08 0.19 0.06 0.35 0.34 0.43
26 0.05 0.16 0.04 0.32 0.29 0.41
27 0.03 0.13 0.01 0.28 0.26 0.37
28 0.10 0.25 0.22 0.35
29 0.07 0.21 0.18 0.32
30 0.04 0.16 0.15 0.29
31 0.02 0.12 0.11 0.26
32 0.06 0.09 0.22
33 0.05 0.05 0.18

















where x= mass volatile/mass of solid at t=l, the
initial volatile content (gms/gms)
Behavior of an ink may be better understood by
studying their volatile content and drying rate. Although
these parameters are interdependent to some extent they are
not perfect substitutes. This fact can be illustrated by
comparing Ink B and Ink D. Even though Ink B has the highest
amount of volatiles it also has the maximum drying rate.
However, Ink D has a lower volatile content, compared to Ink
B, and the slowest drying rate. The quality of the choice of
volatiles in the ink formulation may explain this behavior.
Interestingly, Ink A also has the lowest volatile
content
but certainly does not rank very
high in it's drying rate.
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Coupled with the fact that no water was added to this ink, we
may infer that it has the highest amount of water in its
formulation since water is probably the least expensive
volatile component that could be used.
Ink C maintains a balance in its drying characteristics
by occupying a middle position both for the amount of
volatiles and rate of drying.
To summarize, it is not sufficient to differentiate the
two inks based on their volatile content or their drying rates
alone, but rather be judged on the basis of a combination of
the two.
INKS : H0 : IA = IB = Ic
= ID
There is difference in the inks in terms of their slope
which is indicative of their drying rate. For a 95 percent
confidence interval the null hypothesis may be rejected.
On this basis we can infer that drying rate differences





Contact angle measurements were analyzed using
statistical methods. A two-way Analysis of Variance (ANOVA)
test was applied. The contact angle technique is a two factor
experiment that is twice replicated. Throughout the analysis
of test data, an alpha risk of 0.05 was used.
Making use of the contact angle measurements for each of
the four inks at two different times, a two-way ANOVA was
conducted. The null hypotheses (which indicated no difference
between levels) for this ANOVA are:
INKS : H0 : IA
= IB = Ic
= ID
TIME : H0 : Tx = T2
INTERACTION : H0 : Tti -la
The requirement for a two-factor case is that we
must replicate or have some previous estimate of
random error.
Replication, repetition of test procedures,
allows us to
obtain an estimate of error from the
differences in the
results of the repetitions. To
replicate requires the






samples can be attributed to chance factors.
The mathematical model for a replicated two- factor
experiment is:
Xijk = m + Ri + Cj + (RxC)^ + e(ijl )k
The term (RxC)^ represents the joint influence of the
row and column factors, and thus the interaction.
The mathematical model thus indicates that each single
observation (for any column, row, and replication) depends on
the mean of the population from which the observation is
drawn, an influence due to the row factor, an influence due
to the column factor, an interaction, and error. The total sum
of ANOVA will be made up of four parts, thus;
SST = SSR + SSC + SSI + SSE
where the new term SSI represents sum of squares for
interaction.
Based on the above discussion and established
procedures2
an ANOVA table could be conducted for the four ink types and
two time intervals; immediate and three minutes. Immediate
signifies that the picture was taken immediately after placing
the drop on the dried ink film and the latter the time lag of




TIME IMMEDIATE 3 MINUTES
INK TYPE
28 61 24 44
2657 21=57












Based on the data from Table 6, the following ANOVA
summary table was derived.
TABLE 7
ANOVA Summary
SOURCE SS DF MSS F - value CRIT F
INKS 508.1606 3 169.3868 51.3395 4.0662
TIME 184.8920 1 184.8920 56.0390 5.3177
INTERACTION 24.8945 3 8.2981 2.5150 4.0662
ERROR 26.3947 8 3.2993
TOTAL 744.3419 15
The calculated F ratios are in each case the quotient of
the mean square for time, temperature, and interaction. The
critical F values are obtained from tables for a confidence
interval of 95 percent.
The conclusions based on the analysis of variance are:
For a 95 percent confidence interval the null hypothesis for
time and inks can be rejected and the null hypothesis for
interaction can be accepted.
Having rejected the null hypothesis the next step
is to
identify those inks which are significantly
different. A
Duncan Multiple Range test was used which compares the means
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of the replicates of different inks with the Least Significant
Difference values. The Least Significant Difference values are
obtained as follows:
LSDo.o5 --- 2t0 025 Se/n
where, 2t0 025 is called the significant studentized range
Se is the Sum of Squares for the Error term (SSE)
Comparing the differences in the means between various
inks to this LSD, it was observed that the difference between
Inks A and B, and Inks B and D were not significant. However
all other differences were significantly different.
Also, an ANOVA table was constructed for the differences
between the two time intervals of an ink. These differences
are shown in Table 8. It can be seen from the ANOVA summary,
Table 9, that the null hypothesis
INKS : H0 : IA
= IB = Ic
= ID
may be rejected at a 95 percent
confidence interval since the
computed F ratio exceeds the critical value.
A Duncan Multiple Range test was conducted and it was
observed for a 95 percent confidence interval the
differences




Differences in Contact Angle
between the two time intervals









A and C were not significantly different. The differences in
contact angle between immediate and 3 minutes for all the
other inks were significant.
TABLE 9
ANOVA summary for the differences between the time interval
SOURCE SS DF MSS F-Value CRIT F
TIME 49.79 3 16.66 9.2556 6.9474
ERROR 7.23 4 1.80
Lower contact angle signifies better wetting. Thus a
significant decrease in the contact angle may improve the
rewettability characteristic of the ink.
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The first null hypothesis was that there is no difference
among the flexographic water based inks, in terms of their
drying rate and volatile content. A careful study of these two
factors for the four inks, Table 5, reveals that the inks do
differ. No two inks have identical volatile content and drying
rate. Thus this seems to be a good method of characterizing
the differences between the inks.
From Table 5, it can be seen that Ink B has the highest
volatile content and the highest slope. This may indicate the
presence of increased cosolvents and reduced amounts of water
in the formulation compared to other inks.
Conversely, Ink D has a lower volatile content and a
slower drying rate which may be indicative of lower cosolvents
and higher amounts of water. The results of Ink D may be due
to the high volume of water added in the laboratory to
decrease the viscosity. However, this procedure only depicts
the pressroom condition where the pressman will be required
to add water to achieve the desired viscosity- This may also
indicate the presence of high solids when the ink is supplied
to the pressroom by the manufacturer.
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In this procedure no water was added to Ink A but it's
comparable volatile content to Ink D and low drying rate may
suggest a high fraction of water in the ink's formulation.
Thus it can be seen that this method is a good technique
to differentiate the water based flexographic inks based on
their drying characteristics.
However, it is difficult to determine the ink with the
'best1
drying characteristics. Since the drying requirements
are a strong function of the environment and the usage
conditions, it is the inkmaker's responsibility to establish
standards. The standards once established will enable the
researcher to understand the behavior of new formulations,
with the standard curve as reference guide.
The second null hypothesis states that the flexographic
water based inks are the same with reference to their contact
angle. According to the results of the ANOVA presented in
Table 7, the inks and the two time periods for which they were
tested indicate a significant effect, and the interaction was
an insignificant factor. This suggests that the inks were
different on the basis of their contact angle. The ink with
the lowest contact angle indicates that it spreads well on the
surface of the dried ink. Better spreading on the dried ink
film indicates better rewettability characteristic. Thus in
terms of rewettability, Ink C may be considered the best since
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it has the lowest contact angle for both the immediate and
three minute time delay- Thus this may be a good technique to
compare inks and study how well the fresh ink will rewet dried
ink on the flexographic printing plate using water based ink.
For future research, it may be interesting to compare the
laboratory results to field trials with the knowledge of how
well the inks performed on the press. The technique mentioned








Solubility of one liquid or solid in another is the mass
of a substance contained in a solution which in in equilibrium
with an excess of the substance.
Free Energy
Due to the mutual attractions between molecules in a
liquid, a molecule in the interior is attracted in all
directions, but one at the surface is only attracted inwards
from the surface. The work done in creating unit area of
surface against these forces at constant temperature is called
free energy.
Rheology




Based on the experimental data a mathematical model was
jointly developed with J. A. Stephen Viggiano of the Rochester
Institute of Technology Research Corporation.
The model was derived based on the one dimensional flow
of heat.
m(t)
= B0 + Bi
(1 + e"t/e3)
where ,
m(t) : mass at any given time t
B0, &x, B3 : regression coefficients
Also, mass of non-volatile component is fl0,
mass of volatile component is -S>J2
and the Initial rate of change of mass is BX/4B3.
Quintessentially, this model
predicts the mass of a given
ink sample for a time t, within limits specified
and known to
the ink chemist.
The regression coefficients vary depending
on the ink's
quality and quantity of
volatile content.
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This model has an excellent predictive ability, with very
low residuals, and a plot of the predicted versus actual mass
is shown in figures 8,9,10,11,12 and 13. The actual and the
predicted values, along with the statistical summary, are
also
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